ABSTRACT The hybrid power line communication (PLC) and visible light communication (VLC) systems can be effectively utilized for the efficient design of 5G communication setup. However, each of these integrated communication media is not primarily meant for the specific purpose of data communication, as PLC and VLC have historically served to transfer electrical energy transfer and light, respectively. With the advent of high flickering rate light emitting diodes and efficient multiplexing/modulation schemes, both technologies are observed as potential data communication carriers. Therefore, this paper presents a novel approach for modifying the modulation technique in accordance with the channel requirements of a hybrid PLC-VLC-based 5G communication systems. We provide a thorough analysis of the research work done to co-use these two technologies for data communication, suggest some exciting applications of integrated PLC-VLC systems and propose discrete wavelet transform (DWT)-based orthogonal frequency division multiplexing (OFDM) to tune the physical parameters as per the hybrid channel characteristics. Theoretical and simulation bit-error-rate results exhibit that DWT-OFDM outperforms an OFDM-based PLC-VLC system. The proposed hybrid system can be used to design smart buildings where indoor/intra-building connectivity is maintained by VLC whereas inter-building networking based on PLC communication. 
I. INTRODUCTION
Power Line Communication (PLC) technologies have been investigated by researchers in the recent past, and low data rate Narrowband PLC, and high data rate Broadband PLC, have been standardized for effective communication within home namely G-3, PRIME [1] , as well as a potential access technique for the last mile technology such as IEEE P1901.1 and IEEE P1901.2 [2] . With the advancement in the digital modulation and coding techniques, the communication over the shared and noisy PLC channel is made reliable, secure and robust [3] . Thus, power lines are considered an effective means of communication for in-home Local Area Networks (LANs) in addition to serving as a reliable medium of communication for the emerging applications of Internet of Things (IoT) and NB-PLC for smart grid communications.
The bandwidth constriction for high-speed LANs in applications where typical wireless communication systems are subject to severe interference and attenuation or may be blocked due to security concerns, the PLC-based LANs can be an effective alternative solution, augmented by Visible Light Communication (VLC) techniques. Underground stations, stadiums, hospitals, harsh industrial environments, shopping malls, are potential candidates for PLC-VLC based LANs wherein the VLC serves as an access point for the backbone network built over the pervasive and ubiquitously available PLC network [4] . VLC techniques are best suited to heighten speed indoor communication and enjoy the benefits of unlicensed and wide spectrum availability, and so offer a cost-effective solution and higher capacity compared to its counterparts of Radio Frequency (RF) technology [5] . The high symbol rate of the optical carrier frequency in VLC prevents the perception of flicker on the human eye, and thus it can be utilized for the dual purpose of illumination and data communication. Therefore, the emerging technologies of integrated PLC-VLC make it a strong candidate for the new generation of high-speed indoor communications.
A. PRIOR WORKS
The integrated PLC-VLC system has been investigated in recent works in literature [6] . In order for optimization of an efficient communication system under the hybrid channel model, intense research is directed towards exploring the integrated PLC-VLC channel architecture while some works refer to the application of most suited modulation techniques [7] . Initially single carrier modulation was proposed for low data rate communication using Binary Phase Shift Keying (BPSK) [5] . The focus of research has been on application of such techniques that allow ease of communication through a Light Emitting Diode (LED), such as On-Off Keying (OOK), Pulse Position Modulation (PPM), etc [8] and [9] . With the maturity of the LED and its driver technology, the need for high-speed and high data rate communication has diverted the researchers attention towards using multi-carrier modulation techniques such as Orthogonal Frequency Division Multiplexing (OFDM) with OOK [10] . Ndjiongue et al. [10] has proposed OFDM for PLC and Colour Shift Keying (CSK) for VLC in the cascaded PLC-VLC system and analyzed the bit error rate (BER). Most recent works concentrate on OFDM as a modulation technique to counter the multipath propagation and its consequent effect, Intersymbol Interference (ISI) scenario in addition to the harsh noisy conditions of PLC channel and propose OOK for VLC [11] , [12] .
B. CONTRIBUTION
In this paper, we utilize a smart approach to propose a Discrete Wavelet Transform (DWT) based OFDM transceiver for the hybrid PLC-VLC communication system. The communication system's transceiver needs to be tuned in accordance to the high-speed data driven requirements over the indoor hybrid PLC-VLC communication channel. Therefore, DWT is opted as an efficient means of communication in shared and noisy channels, particularly for PLC, that gives much lower Inter-Carrier Interference (ICI) due to excellent curbing of Out-Of-Band (OOB) radiation and do not require addition of redundant data based cyclic prefixing to avoid ISI [13] . These qualities of DWT-OFDM make it a strong contender for the hybrid PLC-VLC channel transmitting high data rates that is essential to 5G communication systems. We propose the DWT-OFDM transceiver, and evaluate its theoretical performance in Additive White Gaussian Noise (AWGN) channel and for the hybrid PLC-VLC communication system and compare it with OFDM based system. It is observed through simulation results that the proposed DWMT outperforms the OFDM based transceiver's BER performance. The paper also highlights exciting applications of the proposed hybrid system with special emphasis on smart health [4] , smart buildings [14] , and smart transportation infotainment systems [15] .
C. ORGANIZATION
The rest of this paper is organized as follow. Sections II and III take an overview of PLC and VLC technologies. Sections III and IV respectively describe integration benefits and hybrid channel corresponding to PLC and VLC technologies. Section V presents our proposed DWT-OFDM based PLC-VLC system model. Section VI discusses the performance analysis and simulation results. Section VII highlights the interesting applications of the PLC-VLC system, while in the last section we have drawn the conclusion.
II. POWER LINE COMMUNICATION
The primary use of power lines has been carrying electricity for domestic and industrial users. The frequency response of the PLC is very poor (frequency selective) due to which it could not be used for data communication for ages. However, with the advent of efficient multiplexing technique(s), the engineers got success in converting frequency selective nature into flat-faded channel response. This breakthrough led the researchers to use PLC for data communication.
The PLC network configuration of an in-home PLC network, combined with the connected load, such as common domestically used electric appliances, and the time variant characteristics of the powerline channel, present various technological problems [1] . Moreover, the channel adds coloured noise in addition to the background noise to the transmitted signal. Low powered noise sources, including the broadcast stations in the medium and shortwave frequency range, as well as switching phenomenon of power supplies contribute toward the background and impulse noise in PLC [1] . Triacs based devices, such as light dimmers create impulse noise at every cycle or half cycle. In-home PLC channel behave variably at various frequencies [10] . The tree-type topology of a power network within a SOHO is responsible for the multipath propagation signal model that consequently provides multiple paths with variable delays and attenuation factors for data communication sources.
There are various approaches to modeling the powerline channel, including the top-down approach, derived from channel measurements and the bottom-up approach based on typical transmission line parametric theory. Of these the top-down approach involves numerous measurements in the proposed power line channel vicinity and thereafter fitting a statistical model that best fits the measurements. It is characterized by ease of use and fast processing for channel model generation. However, the disadvantage of such a modeling approach lies in its limited flexibility, since this channel model may not be applicable as the channel conditions and frequency band changes. Moreover, the physical infrastructure depicted in the model may not be realizable in all situations. Henceforth, this measurement and statistical can only prove beneficial, given that the measurements performed are very extensive and cover all possible physical scenarios for an effective model formulation.
As far as PLC channel is concerned, Zimmermann and Dostert modelled the low voltage distribution grid and classify it as four different channel types classified based on the length of cable and the number of branches connected to the main cable [17] . Most of the works available on utilization of PLC-VLC channel have referred to this model of PLC channel that is mathematically descried as [17] ,
where the first term is the frequency dependent weighting factor g i (f ) for the i th path representing the reflection and transmission factors, the second term shows the attenuation factors a 0 , a 1 for the path length d i , while the last and third term expresses the i multipaths with corresponding τ i delays.
III. VLC TECHNOLOGY
With the recent advancement in flickering rate of LEDs, Visible Light Communication (VLC) is emerging as a high transmission capacity wireless communication system mainly suited to indoor applications. The spectrum approximately lies between 400 − 800 THz, an immense bandwidth with no interference with the existing RF spectrum. LEDs and Photodiodes (PDs) are used as transmitters and receivers in a typical VLC system [18] . It is important to note that the Line-Of-Sight (LOS) is an essential requirement in VLC transceiver due to which it finds ready applications in the field of localization. Similarly, VLC technology can also be readily employed for underwater communication where WiFi signals normally get weaker after certain depth [19] . There are various modulation schemes that have been employed for VLC systems such as On-Off Keying (OOK) [20] , [21] , Multi-Phase shifted On-Off Keying (MP-OOK) [22] , Pulse Position Modulation (PPM) [18] , Passive Intermodulation (PIM) [23] , Digital Pulse Interval Modulation (DPIM) [24] and so on. The performance metrics, used to evaluate a particular scheme, are usually power efficiency, Bit Error Rate (BER), transmission rate, and bandwidth requirement. OOK, being the simplest among these techniques, requires bandwidth that is roughly of the order of the data rate, R b [24] . However, with slightly increased bandwidth requirement, PPM promises higher power efficiency (compared with OOK) [25] . However, PPM undergoes the problem of synchronization. The problem of synchronization can be completely mitigated by the use of DPIM which also offers high transmission capacity through the elimination of unused time slots per symbol [24] .
The VLC channel is considered to be composed of a LOS and a Diffused Non-Line of Sight (NLOS) component. Due to the standardized illumination of 400 lux, the LOS component of the VLC channel presents high Signal-toNoise Ratio (SNR) channel conditions, while the diffused NLOS component suffers from multipath propagation and attenuation, thus provides lower SNR channel conditions. Mathematically, the VLC channel takes the form [26] ,
where η LOS i and η DIFF are the channel gains due to LOS and diffused NLOS components of VLC channel. τ LOS i and τ DIFF represent the corresponding components signal delays and f 0 is the 3 dB cut off frequency. The NLOS and LOS components can be defined as [26] ,
and
where A R and A Room are effective receiver area and room area respectively, ρ is the average reflectivity from the walls, d is the distance between LED lamp and the receiver and ϕ and θ denote angle of irradiance and incidence respectively [26] . r = −1 log 2 θ/2 is the Lambert index that depends on halfintensity beam angle θ/2.
Having discussed the individual PLC and VLC technologies, we present the integrated PLC-VLC chanel and highlight the hybrid channel's pros and cons in the following section.
IV. PLC-VLC SYSTEMS
Power Line Communications and Visible Light Communications (PLC-VLC) are two independent wireless and wired technologies, respectively. Both have great potential and attraction for future generation communication systems. Over the past decade or so, with the advent of OFDM, the PLC has emerged a good alternative to Ethernet for data communication. However, the advantage of PLC over Ethernet communication is quite obvious, i.e., no new cables need be installed for data communication. The existing power line network could be used for dual purpose (along with HomePlug). Moreover, similar to WiFi-Ethernet integration, the PLC could be integrated with VLC for wireless connectivity.
The PLC-VLC system offers an efficient and an economical approach for the provision of broadband access to indoor users since the power line communication system acts as an essential and integral network element for an indoor VLC system [27] . In comparison to the WiFi technology, the PLC-VLC system has the potential for a very high speed communication at a comparatively lower cost and higher security [28] .
Hao et al. [27] have provided introduction about the hybrid channels, however, no practical work has been carried out. Similarly, it is proposed to use the existing power lines as a wiring system for optical communication; however, no modulation/demodulation is carried out.
A very low complexity PLC-VLC interface was proposed in [7] . With a very simple modulation scheme, i.e., OOK, the performance of a Spread Orthogonal Continuous Phase Binary Frequency Shift Keying (SOCPBFSK) receiver was analyzed over physical PLC-VLC link and the system was demonstrated reliable at least for low data rate applications [7] . It is worth-noting that the proposed system is also cost-efficient compared to WiFi-Ethernet integration.
Extending the notion of cost-effective PLC-VLC system, Song et al. [5] proposed a cost-effective PLC-VLC System for ubiquitous broadband access. The novelty lies in the duplex Decode-and-Forward (DF) which could in turn support multi-user broadband access. The modulation adopted in the physical implementation was NRZ-OOK. The achieved data rate was of the order of 5Mbps over a distance of 3 meters with BER approaching 10 −5 .
It is significant to note that PLC-VLC is meant for providing high speed communication system. With the rapid spread of the LED, VLC is becoming an emerging wireless communication technology. VLC offers advantageous properties such as safety, environmental protection, worldwide availability and high capacity. It can be used as an effective supplement of the existing wireless communication. Conversely, PLC using the omnipresent power line cables in driving LED also can be used as a communication medium between the LEDs and other network. It only requires little modification of the existing infrastructure to achieve the purpose of illumination and communication simultaneously. In this paper, we propose an efficient and low-cost indoor broadband broadcasting system based on the integration of PLC and VLC technologies. The proposed system take full advantages of existing cabling infrastructure, providing high-speed communications while achieving better signal coverage.
A. CASCADED PLC-VLC CHANNEL MODEL
The overall cascaded PLC-VLC channel can be described by the transfer function [26] ,
where
is the PLC channel as described earlier, while H i,VLC (f ) represents the VLC channel for the channel path between the i th LED and the optical receiver for total number of N LED lamps. Contrary to the classical VLC based broadcasting scheme that allows LEDs to act as data Access Points (APs), and requires the more costly solution of adding modems in addition to LED drivers to these points, the PLC-VLC broadcasting scheme relies on the data carrying power lines as the backbone. This scheme utilizes the PLC modem to couple the data from the Ethernet source to the power line. In the perspective of a PLC-VLC communication system for data communication within a Small Office-Home Office (SOHO) using VLC technology, with PLC as the backbone, it is imperative to consider the integrated PLC-VLC communication channel so as to ensure reliable communication at appropriate data rates. In recently published research, Ndjiongue et al. [10] and Song et al. [26] have referred to a cascaded PLC and VLC communication channel for the hybrid PLC-VLC communication system. Considering communication within a SOHO, the main concept is to utilize existing power line infrastructure as the major data carrying medium of communication, thus linking the SOHO with the data APs from the access network [29] . In a SOHO, every power socket is a node which can further distribute the digital data after signal processing through a coupling device. However, VLC in conjunction with PLC allows the light emitting devices connected with power sockets to act as data transmitters, as shown in Fig. 1 . Each intelligent device connected in the PLC-VLC SOHO is able to receive the data through optical receivers [30] . The integrated PLC-VLC transmission process is shown in 2. The purpose of the PLC-VLC transmitter is to direct the data carrying power line signal in each socket towards light emitting diodes, which allows the signal to be broadcast towards a single receiver or multiple receivers in a room in addition to providing illumination. Consequently, the communication signal is subjected to a cascade of a PLC and VLC channel.
As shown in Fig. 2 , the data is conditioned for the PLC socket, including the process of Forward Error Correction (FEC), modulation, data framing and finally converted to an analog form that is suitable for communication over the power lines. The modulated analog signal is VOLUME 6, 2018 transmitted through a coupling device over the power lines. PLC channel noise that mainly comprises of background and coloured noise is added to the signal during propagation through the power line channel. The PLC to VLC conversion module in the LED fixture is used to receive data from power lines through a coupling device. This module performs precompensation on the received signal, amplifies it and adds this signal to the DC bias of LED, thus formulating the LED driving signal. LED lamps, therefore operate as optical transmitters in this integrated PLC-VLC system.
B. BENEFITS OF PLC-VLC INTEGRATION
• VLC is Complementary to PLC: It is now established fact that PLC offers higher data rate than WiFi over a large distribution area. However, WiFi needs no wires contrary to PLC. Therefore, combining PLC with VLC will provide higher data rate with no wires especially in indoor environment. Add to it the fact; the system uses existing PLC infrastructure, hence cost effective.
• PLC-VLC is Highly Secured: The signal over PLC-VLC is less susceptible to interference, jamming, and eavesdropping than that over WiFi (connected with Ethernet).
• Low Cost to Use PLC as Multipurpose: The integration of PLC-VLC is low cost and easy to implement because the PLC infrastructure already exists and it can directly be used to power LEDs. This, in turn, overcomes the problems faced in the traditional network architecture (based on existing RF technologies).
• PLC Performance Optimization: The performance degradation of PLC due to cyclic impulsive noise can be effectively mitigated by its integration with VLC [6] . However, the work did not consider multipath effects and was restricted to mere narrowband PLC. Later on, the issue of multipath was addressed by the use of OFDM and Turbo codes and it was shown that the integrated system is equally suitable to broadband communication [31] . Keeping in view the noisy and unpredictable behavior of the power line channel that is presumed the backbone network in the hybrid PLC-VLC system, DWT based OFDM technique is proposed as the modulation technique by authors in this article. Therefore, we proceed to describe the dyadic filter bank structure followed by the explanation of the DWT-OFDM for the PLC-VLC system, and the proposed system's performance analysis.
V. DISCRETE WAVELET TRANSFORM-OFDM BASED PLC-VLC COMMUNICATION SYSTEM MODEL
Discrete Wavelet Transform (DWT) can be implemented through a dyadic filter bank structure, that serve to decompose a signal into its constituent high and low frequency bands using analysis filter banks and can facilitate perfect reconstruction of the signal employing synthesis filter banks. A transmultiplexer consists of a synthesis filter bank at the transmitter and an analysis filter bank at the receiver side respectively, for a digital communication system, as shown in Fig. 3 . The filter bank structure is such that it allows alias cancellation, for analysis filters, the condition is mathematically expressed as [32] ,
Being orthogonal in nature, the synthesis filter banks are time reversed versions of the analysis ones, and for an M length filter, the kth branch analysis filter is expressed as, Fig. 3 shows a transmultiplexer structure, dual of a subband coder, that converts a Time Division Multiplexed (TDM) signal at its input into a Frequency Domain Multiplexed signal (FDM) at its output, that consists of multiplexed version of high and low frequency subband signals. The synthesized signal is communicated through a channel, with addition of channel noise and on the receiver side, the signal is passed through analysis filter banks. The signal is perfectly recovered in case of ideal channel conditions.
The DWT based orthogonal multicarrier modulation technique utilizes a system model, as shown in Fig. 4 . The DWT is chosen as a modulation technique so as to enhance the reliability of input data for the PLC-VLC transceiver, and optimize the data driven indoor communication system's performance, owing to the intrinsic ability of wavelet transform of excellent mitigation for ICI and ISI compared to Fourier transform based OFDM technique. Incoming data goes through serial to parallel conversion and is mapped into appropriate M -ary constellations, before being subjected to Inverse DWT. Wavelet filter banks are implemented using Finite Impulse Response (FIR) filters. As in case of FFT based conventional OFDM communication systems, the data is characterized in frequency domain where the symbols overlap in time due to various scale resolutions ion DWT. Therefore, pre-appending a cyclic prefix in time is not beneficial as it is for conventional OFDM systems. This saves precious bandwidth, additional transmitted power, and enhances the user capacity, allowing maximum utilization of bandwidth to carry information, instead of random data. The communication signal is thus transmitted over the cascaded PLC-VLC channel in a serial form, as shown in Fig.4 , where PLC and VLC noise is added to the signal.
The received signal after serial to parallel conversion is equalized to counter the channel effect. The channel response is estimated using channel estimation techniques. DWT is performed on the received and equalized signal using analysis filter banks and data is de-mapped from baseband constellations to its original form of bits, thus ensuring reliable recovery of data.
VI. PERFORMANCE ANALYSIS
A DWT based OFDM communication system is simulated to evaluate its performance and compare it with a conventional FFT based OFDM communication system for a cascaded PLC-VLC channel. The DWT is implemented utilizing a dyadic filter bank structure that allows perfect reconstruction of the transmitted signal at the receiver end. Haar wavelet is chosen for a two-level decomposition of the communication signal employing the wavelet filter banks. A synthesis and analysis and filter bank are used for the DWT-OFDM implementation at the transmitter and receiver side of the system model, respectively. The simulation parameters are described in Table 1 .
The system is evaluated for a PLC-VLC channel, that consists of the cascaded channel impulse response based on the constituent channels responses. The PLC channel, as described in Section II, is an analytical channel model based on the measurements made in the field, that represents a harsh communication channel with variable attenuation that increases with frequency and consists of deep notches in the frequency response. These notches may attenuate and distort the transmitted signal. In addition to this, the PLC channel is characterized as a noisy communication channel. The VLC channel may consist of LOS and NLOS components, however, for simplicity the LOS components are considered here with attenuation of 10 to 12 dBs.
The DWT-OFDM and FFT-OFDM based communication systems' theoretical bit error rate performance is evaluated for AWGN channel model and the performance comparison is shown in Fig. 5 . It shows that DWT-OFDM outperforms the FFT-OFDM with a value of 1 dB for signal-to-noise ratio at a BER 0f 5.77E − 5. This BER performance shows that for AWGN channel conditions the DWT-OFDM performs better compared to FFT-OFDM. Fig. 6 shows the BER performance of DWT-OFDM vs. FFT-OFDM for a PLC-VLC channel conditions with background noise represented by AWGN. The performance comparison is depicted for PLC-VLC channel with LOS VLC channel with 12 and 10 dB attenuation. Due to the multipath and deep notches of the PLC channel conditions, in addition to the attenuation posed by the VLC channel, the BER performance of FFT-OFDM depicts a noise floor at a BER of 2.8E − 1. However, DWT-OFDM is evaluated under identical PLC-VLC channel and noise conditions and depicts a BER of 5.77E − 6 at an E b /N o of 31 dB when VLC is characterized by LOS channel with 10 dB attenuation (PLC-VLC 1 ), and the same BER at an E b /N o of 33 dB for PLC-VLC 2 that depicts LOS VLC channel with 12 dB.
VII. PLC-VLC APPLICATIONS
Before we conclude the paper, this section discusses some very useful applications of the integrated PLC-VLC system. 
A. HEALTHCARE
Electromagnetic Radiations (EMR) of WiFi are not suitable for sensitive environments such as hospitals and primary schools, where these can seriously affect the patients and children's health. These radiations can also effect the functionality of medical equipments, e.g., MRI, CT scanner in the hospitals. Increasing the number of Service Access Points in this type of environment will further increase the Electromagnetic Interference (EMI) [4] .
In May, 2006) , however since then increased use of RF wireless devices have raised formal WHO concerns. The challenge in this is to introduce cost effective solutions harmonized with existing regulations that attract users and technology suppliers. In these environments, a radiation free PLC-VLC communication system using LED lighting offers a new technology that can provide a safer and high speed communication. PLC system can use the ubiquitous power line network to power the LED lights while serving as the backbone network for the indoor VLC systems naturally [4] .
B. UNDERGROUND MINING COMMUNICATIONS
With the rapid advancement in data and voice communication in last two decades, various possible technologies such as Bluetooth, WiFi, ZigBee, IrDA etc. have been introduced for communication of alarm signals between miners working underground and workstation on ground and also to send the location of miners to control room. Each of these technologies has some challenges and limitations. WiFi signal is effected by electromagnetic field and requires a high power signal transmitter. Infrared (IrDA) transmission is dangerous for miner's skin and eyes. Bluetooth and ZigBee are suitable but still have signal path interference and fading issues. The two in one characteristics of VLC to transmit high speed data and light from same LED bulb make this suitable to deploy PLC-VLC system for communications between miners and people working on ground in-spite of harsh underground environment. In the underground mining environment, the system mainly consists of LEDs and miner head lamps. When the miner is within the coverage area of LED lamp, he/she can communicate alarm signal and send location information to the people on ground station using that head lamp and LED fixture within mine.
C. CRITICAL INFRASTRUCTURE
In critical infrastructures installations (Defence, nuclear installations, power plants,etc.), EMI can severely affect the performance of the infrastructure and also due to high security requirements, WiFi networks are not recommended in such places. Due to secure confined coverage, PLC-VLC integrated system can be considered as a possible solution in such environments [33] .
D. RELAY NETWORK
Relay networks are gaining importance these day to increase the range and data rate of communication networks if there is no direct link possible between source and destination. A PLC-VLC system can be considered as a relay-assisted communication for such co-operative network environments [27] . Application of such environment can be visualized in train communications where signal is relayed from carriage to carriage using PLC-VLC network.
E. AIRCRAFT CABINS
Radio frequency is not suitable for communication within aircraft cabins. LEDs are safer and faster data transmission sources for in-flight entertainment. PLC-VLC system provides a secure, safer and EMI free data transmission than traditional WiFi technology and it is appropriate for in-flight entertainment [15] .
VIII. CONCLUSIONS
In this paper, we have provided a detailed analysis on hybrid PLC-VLC 5G communication system based on two leading communication technologies namely VLC and PLC. It has been demonstrated how their integration can alleviate the flux on existing data communication technology such as WiFi. Not only has their integration been discussed and analyzed but their readily applications have also been delineated. It has been proposed that PLC-VLC system can be used for smart health, smart building, critical infrastructure system, and aircraft infotainment system. Moreover, we have also proposed the DWMT transceiver for the hybrid PLC-VLC communication system and demonstrated that its BER performance is better than that of its equivalent OFDM based system. 
